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The in vivo actions of insulin-like growth factor-I (IGF-I) on the
growth and development of the hippocampal dentate gyrus were
investigated in transgenic mice that overexpress IGF-I postna-
tally in the brain and in normal nontransgenic littermate controls.
Stereological analyses of the dentate gyrus were performed by
light and electron microscopy on days 7, 14, 21, 28, 35, and 130
to determine postnatal changes in the numerical density and
total number of neurons and synapses. The volumes of both the
granule cell layer and the molecular layer of the dentate gyrus
were significantly increased by 27–69% in transgenic mice after
day 7, with the greatest relative increases occurring by day 35.
Although the numerical density of neurons in the granule cell
layer did not differ significantly between transgenic and control
mice at any age studied, the total number of neurons was
significantly greater in transgenic mice by 29–61% beginning on
day 14. The total number of synapses in the molecular layer was
significantly increased by 42–105% in transgenic mice from day
14 to day 130. A transient increase in the synapse-to-neuron
ratio was found in transgenic mice at postnatal days 28 and 35
but not at day 130. This finding indicates a disproportionate
increase in synaptogenesis, exceeding that expected for the
observed increase in neuron number. Our results demonstrate
that IGF-I overexpression produces persistent increases in the
total number of neurons and synapses in the dentate gyrus,
indicating that IGF-I promotes both neurogenesis and synapto-
genesis in the developing hippocampus in vivo.
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Insulin-like growth factor-I (IGF-I) is a 70 amino acid anabolic
peptide that promotes growth and development of the CNS
(D’Ercole et al., 1996; Folli et al., 1996). IGF-I and its cognate
receptor, the type I IGF receptor, are expressed throughout the
brain during early development. IGF-I mRNA reaches peak ex-
pression in rodents during the first 2 postnatal weeks (Bach et al.,
1991; Bartlett et al., 1991), exhibiting a transient expression in
specific brain regions corresponding to periods of axon outgrowth,
dendritic maturation, and synaptogenesis (Bondy, 1991).
IGF-I stimulates the proliferation of neuron progenitors, induces
the differentiation of oligodendrocytes, and increases the survival
of neurons and oligodendrocytes in vitro (McMorris and Dubois-
Dalcq, 1988; Torres-Aleman et al., 1990; Drago et al., 1991; Mozell
et al., 1991; Barres et al., 1992; Pons and Torres-Aleman, 1992;
D’Mello et al., 1993; Werther et al., 1993). In homozygous mice,
disruption of either the IGF-I gene or the type I IGF receptor gene
produces pathological abnormalities and brain growth retardation
(Baker et al., 1993; Liu et al., 1993). Brain growth retardation also
occurs in transgenic mice that ectopically express IGF binding
protein-1 in the brain, likely because of an inhibition of IGF-
stimulated growth (D’Ercole et al., 1994; Ni et al., 1997). In
transgenic mice that overexpress IGF-I in brain, the size and
weight of the brain increase markedly (Mathews et al., 1988)
because of an apparent increase in neuron number (Behringer et
al., 1990) and increases in both total brain myelin (Carson et al.,
1993) and regional density of myelinated axons (Ye et al., 1995).
The present study was conducted to investigate the in vivo effects
of IGF-I on neurogenesis and synaptogenesis in the hippocampal
dentate gyrus, using a line of transgenic mice that overexpress
IGF-I exclusively in the brain during postnatal development (Ye et
al., 1996). Neurogenesis in the dentate gyrus of normal rodents
occurs predominantly between embryonic day 14 and postnatal day
20 (Stanfield and Cowan, 1979; Bayer, 1980). New neurons, how-
ever, continue to be generated throughout life, originating from
subgranular stem cells (Altman and Das, 1965; Kuhn et al., 1996).
Synaptogenesis in the dentate gyrus of rodents is most active
between postnatal days 7 and 30 (Crain et al., 1973; Steward and
Falk, 1986). Expression of the transgene in these mice begins at
approximately the time of birth, increases to peak levels at 20–30
d of age, and then remains constant throughout life, resulting in
increased brain weight after day 10 with concomitant enlargement
of the brainstem, cerebellum, diencephalon, hippocampus, and
cerebral cortex (Ye et al., 1996; Dentremont et al., 1999). These
transgenic mice, therefore, provide a unique opportunity to inves-
tigate the in vivo role of IGF-I in controlling the final number of
neurons and synapses generated in the dentate gyrus during post-
natal development. Stereological analyses were performed by light
and electron microscopy to investigate postnatal changes in the
numerical density and total number of neurons and synapses in
transgenic mice and in their normal nontransgenic littermate
controls.
MATERIALS AND METHODS
Transgenic animals. Detailed protocols for the production of transgenic
mice with significantly increased expression of IGF-I in the brain and their
normal littermate controls have been published previously (Dai et al., 1992;
Ye et al., 1996). Briefly, these transgenic mice (termed IGF-II /IGF-I
transgenics) carry a 6.9 kb fusion gene that uses a 5.7 kb fragment of the
59 mouse IGF-II genomic regulatory region to drive the expression of a
human IGF-I cDNA (Dai et al., 1992). These mice were backcrossed more
than six generations using the C57BL/6 background strain. IGF-II /IGF-I
transgenic mice were bred as heterozygotes, and their normal, nontrans-
genic littermates were used as controls. Transgenic mice were routinely
identified by PCR of tail genomic DNA. Mice were housed in the Trans-
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genic Mice Facility of the Program in Molecular Biology and Biotechnol-
ogy (University of North Carolina at Chapel Hill), maintained at a
temperature of 22°C with 12 hr light /dark cycles, and were provided access
to water and a standard pelleted diet ad libitum. All procedures were
approved by the institutional review committees of the University of North
Carolina at Chapel Hill and the University of British Columbia.
Histology. Pairs of IGF-II /IGF-I transgenic mice and normal littermate
controls, matched for age and sex, were studied on postnatal days 7, 14, 21,
28, 35, and 130. Three matched pairs were examined on each of days 7, 14,
and 21, and four matched pairs were examined on each of days 28, 35, and
130. Individual mice were deeply anesthetized by an intraperitoneal injec-
tion of sodium pentobarbital (80 mg/kg) and perfused through the ascend-
ing aorta for 1 hr with a fixative solution containing 4% paraformaldehyde
and 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were
removed, weighed, and placed in the same fixative solution at 4°C for an
additional 24–48 hr. The brainstem and cerebellum were removed by a
transverse cut through the inferior colliculus, and the paired cerebral
hemispheres were bisected in the midline. From the left hemisphere of
each brain, serial frozen sections were cut at 30 mm in the frontal plane
through the entire rostrocaudal length of the cerebral hemisphere. Every
second section in this series was mounted on a glass slide and stained for
Nissl substance using 0.1% thionine in acetate buffer, pH 3.7. From the
right hemisphere of each brain, five to six serial blocks of tissue (0.5-mm-
thick) were sampled for electron microscopy with the aid of a dissecting
microscope through the entire rostrocaudal length of the hippocampus,
including both the suprapyramidal and infrapyramidal blades of the hip-
pocampal dentate gyrus. Tissue blocks were washed in 0.1 M phosphate
buffer and post-fixed for 12 hr in 1% buffered osmium tetroxide. After
washing in acetate buffer, the blocks were stained with 2% aqueous uranyl
acetate for 1 hr, followed by dehydration in ascending grades of ethanol,
equilibration in propylene oxide, and embedding in Epon (Jembed 812;
Canemco, Montreal, Quebec, Canada). From the rostral surface of each
block, 10–12 serial semithin (0.7 mm) sections were cut, mounted on glass
slides, and stained with 1% toluidine blue in 0.4% sodium borate. Indi-
vidual blocks were trimmed down to prepare sections spanning the entire
width of both the molecular layer (ML) and granule cell layer (GCL) of the
dentate gyrus along the suprapyramidal blade. After trimming each block,
three to five serial ultrathin sections of silver-gray interference color were
cut, individually mounted on Formvar-coated slot grids, and stained with
lead citrate.
Stereology. The serial frozen sections stained with thionine were used to
determine the total volumes of the ML and the GCL of the dentate gyrus,
using Cavalieri’s direct estimator (Gundersen et al., 1988a). Briefly, indi-
vidual sections were visualized using an Olympus BH-2 compound micro-
scope (103 planapochromatic objective) interfaced to a BIOQUANT
TCW98 image analysis system (R&M Biometrics, Nashville, TN) and
viewed on a video monitor at a final magnification of 1883. The areas
occupied by the ML and GCL were measured on the full series of 40–50
sections for each animal in square millimeters, following the boundary
criteria of Franklin and Paxinos (1997) for the mouse. The total volume of
each layer was calculated from V 5 SA 3 T 3 2, where SA is the sum
of area measurements, T is the section thickness, and 2 is the periodicity of
the section sample.
The serial Epon-embedded semithin sections stained with toluidine blue
were used to determine the numerical density of neurons (NV, neurons per
cubic millimeter) in the GCL, using the physical disector method (Gun-
dersen et al., 1988b). For each tissue block, the first and fifth serial sections
were chosen as the reference and look-up sections, respectively. Individual
reference sections were examined with a 103 planapochromatic objective,
and the boundary of the GCL, including both the suprapyramidal and
infrapyramidal blades, was traced. The BIOQUANT TCW98 Stereology
Toolkit (R&M Biometrics) was used to generate a random set of 8–10
sampling coordinates for the GCL on each reference section. At each
sampling point, sections were visualized using a 1003 oil-immersion
planapochromatic objective at a final magnification of 18803 on the video
monitor. A square counting frame, measuring 80 mm on a side, was used to
count the nuclei of neurons in the GCL. The counting frame was placed
over the GCL at each sampling point on the reference section, and the
outlines of neuronal nuclei were drawn if they were positioned within the
counting frame or intersected by its inclusion edges (e.g., the top and right
edges). The corresponding microscopic field on the look-up section was
then visualized, and the tracings from the reference section were redrawn
on the video monitor. Neurons were counted with the disector if their
nuclear profile was observed on the reference section but not on the
look-up section. For each brain, 24–30 disectors from four to five serial
tissue blocks were used to count a total of 226–304 neurons per animal.
The NV of neurons in the GCL was calculated from NV 5 SQ
2/SVDis,
where SQ 2 is the sum of the neurons counted and SVDis is the sum of the
disector volumes. The disector volume was calculated from VDis 5 aDis 3
h, where aDis is the area of the counting frame, and h is the disector height
(i.e., the distance separating the paired sections). Section thickness was
determined by re-embedding several semithin sections from each block in
Epon and cutting ultrathin sections of silver-gray interference color at right
angles to the original plane of section. These ultrathin sections were
mounted on #200 square mesh grids, stained with lead citrate, and exam-
ined by electron microscopy at a final magnification of 60,4003. The mean
section thickness for all animals was determined to be 0.636 mm, and the
mean disector height was calculated to be 2.544 mm. The total number of
neurons in the GCL was calculated from estimates of neuronal NV and
total volume of the GCL. Calculating total neuron number, using estimates
of tissue volume obtained from serial frozen sections and estimates of
neuronal NV obtained from Epon-embedded sections, could conceivably
introduce a biased estimate given differential tissue shrinkage produced by
the two different methods. However, we have determined previously that
both histological methods produce a mean linear shrinkage of ;14%
(range of 13.1–15.0%). Any systematic bias in the estimates of total neuron
number would be negligible.
The serial ultrathin sections stained with lead citrate were used to
determine the NV of synapses in the ML of the dentate gyrus, using the
physical disector method (Gundersen et al., 1988b; Mayhew, 1996). Briefly,
for each tissue block, consecutive ultrathin sections were selected as the
reference and look-up sections. Individual sections were examined by
electron microscopy (Philips EM300) and contained an unobstructed view
of the full depth of the ML. The outer (OML), middle (MML), and inner
(IML) molecular layers were identified on each section based on the total
depth of the ML for that section divided into thirds. Electron micrographs
were taken at an initial magnification of 39003 and enlarged photograph-
ically to a final magnification of 10,7003. On the reference sections, four
to six micrographs were sampled randomly from each of the OML, MML,
and IML over three to four serial blocks from each brain. In the four
matched pairs of transgenic and control mice at day 28, 12–18 micrographs
were randomly sampled from each of the OML, MML, and IML to
calculate the NV of synapses within individual sublaminae of the ML. A
second series of electron micrographs was sampled from the equivalent
ultrastructural fields on the look-up sections. Micrographs were examined
with a dissecting microscope (variable magnification 6–103) for a final
magnification of 64,200–107,0003. At this magnification, all synaptic con-
tacts could be identified unequivocally, and a relatively large number of
synapses could be sampled. A calibration standard (carbon grating replica)
was photographed and printed with each series of micrographs. A trans-
parency containing a counting frame was superimposed on each electron
micrograph from the reference section, with the edges of the counting
frame recessed from the borders of the micrograph by an appropriate
guard area. Synapses were identified by the presence of two or more
synaptic vesicles in a presynaptic axon and the apposition of differentiated
presynaptic and postsynaptic membranes. Synapses were counted if the
synaptic profile was observed within the counting frame or intersected by
its inclusion edges but was not observed on the look-up micrograph. For
each brain, 12–18 disectors from three to four serial tissue blocks were
used to count 234–301 synapses. The NV of synapses in the ML was
calculated from NV 5 SQ
2/SVDis, as described above for neurons. The
thickness of ultrathin sections was measured using Small’s method of
minimal folds (Weibel, 1979), with minimal folds being photographed at a
magnification of 102,0003. The mean section thickness was found to be
0.058 mm. The total number of synapses in the ML was calculated from
estimates of synaptic NV and total volume of the ML. For the four matched
pairs of mice at day 28, the NV and total number of synapses was deter-
mined individually for the OML, MML, and IML.
Statistical analysis. For most variables, the statistical significance of
differences among means was determined with a 2 3 6 (groups 3 ages)
ANOVA. For estimates of the NV of synapses in individual laminae of the
ML on day 28, differences among means were analyzed with a 2 3 3
(groups 3 laminae) ANOVA. The statistical significance of differences
between individual pairs of means was analyzed by the Student–Newman–
Keuls method, with values of p , 0.05 considered statistically significant.
RESULTS
Postnatal changes in brain weight and body weight for IGF-II/
IGF-I transgenic mice and normal controls are illustrated in Figure
1. Normal development was characterized by a rapid increase in
brain weight between postnatal days 7 and 28, followed by a more
gradual increase to day 130 (Fig. 1A). Brain growth in IGF-II/
IGF-I transgenic mice was substantially increased. Although brain
weight did not differ significantly between the two groups on day 7,
significant increases were observed in transgenic mice on days 14
(16%), 21 (18%), 28 (24%), 35 (22%), and 130 (35%). Because
transgene expression is restricted to the brain, body weight did not
differ significantly between transgenic and control mice at any age
(Fig. 1B).
Histological examination of the serial frozen sections stained for
Nissl substance revealed no signs of gross malformation or patho-
logical abnormalities in the transgenic mice. However, at most ages,
there were subtle but apparent increases in the size of the cerebral
cortex, cerebellum, and the major regions of the diencephalon and
telencephalon, consistent with increased brain weight. After day
14, there was a marked increase in the size of the hippocampal
dentate gyrus in transgenic mice, recognized on individual sections
by a noticeable increase in the thickness of both the GCL and the
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ML (Fig. 2). A more subtle increase in the thickness of the pyra-
midal layer was observed in hippocampal regions CA1 to CA3 of
transgenic mice, although an increased thickness of the molecular
layer in these regions was not apparent (Fig. 2). Postnatal changes
in the total volumes of the GCL and ML of the dentate gyrus in
IGF-II/IGF-I transgenic mice and controls are illustrated in Figure
3. Normal development of the GCL in controls was characterized
by a rapid increase in volume from day 7 to day 21, followed by a
transient decrease at day 28. Control GCL volume increased be-
tween days 28 and 35, with no increase between days 35 and 130
(Fig. 3A). Although volume of the GCL did not differ significantly
between the two groups on day 7, significant increases in volume
were observed in transgenic mice on days 14 (45%), 21 (33%), 28
(59%), 35 (57%), and 130 (69%). As opposed to controls, the
volume of the GCL in transgenic mice was observed to increase
significantly (18%; p , 0.01) between days 35 and 130. The volume
of the ML in controls increased from day 7 to day 21, remaining
relatively constant to day 35, followed by a significant increase at
day 130 (Fig. 3B). The volume of the ML in transgenic mice did not
differ significantly from controls on day 7, but it was significantly
greater on days 14 (38%), 21 (27%), 28 (51%), 35 (62%), and 130
(55%).
Postnatal changes in the total number of neurons in the GCL and
the total number of synapses in the ML of IGF-II/IGF-I transgenic
mice and controls are shown in Figure 4. In control mice, the total
number of neurons in the GCL increased significantly from day 7 to
day 35 (113%; p , 0.001), with no additional increase by day 130
(Fig. 4A). In transgenic mice, GCL neurons increased from day 7 to
day 35 (172%; p , 0.001), with an additional significant increase
between day 35 and day 130 (17%; p , 0.01). Compared with
controls, the total number of GCL neurons in transgenic mice did
not differ significantly on day 7, but significant increases were
observed on days 14 (55%), 21 (29%), 28 (50%), 35 (56%), and 130
(61%).
Normal synaptogenesis in control mice (Fig. 4B) was character-
ized by a substantial increase in the total number of synapses in the
ML from day 7 to day 35 (723%; p , 0.001), followed by a further
significant increase from day 35 to day 130 (73%; p , 0.001). In
transgenic mice, total synapses in the ML increased dramatically
from day 7 to day 35 (1438%; p , 0.001) at approximately twice the
rate observed in controls. Although there was an additional signif-
icant increase in synapses in transgenic mice from day 35 to day 130
(35%; p , 0.001), the magnitude of this increase was similar to that
observed in controls (12.57 3 10 8 synapses for transgenics and
13.16 3 108 synapses for controls). Although the total number of
Figure 1. Postnatal changes in brain weight ( A) and body weight ( B) for
IGF-II / IGF-I transgenic mice and normal littermate controls. Values
are presented as the mean 6 SEM for three to four mice in each group.
ANOVA for brain weight revealed significant main effects for groups
(F 5 277; p , 0.001), ages (F 5 241; p , 0.001), and group 3 age
interactions (F 5 17.19; p , 0.001). ***p , 0.001 for individual paired
comparisons between transgenic and control mice. ANOVA for body
weight revealed a significant main effect for age (F 5 120; p , 0.001) but
no significant main effects for groups (F 5 0.92; p 5 0.35) or group 3 age
interactions (F 5 0.78; p 5 0.57).
Figure 2. Representative sections of the hippocampal dentate gyrus in ( A)
normal control and ( B) IGF-II/IGF-I transgenic mice at postnatal day 35.
Serial frozen sections (30 mm) through the hippocampus were stained for
Nissl substance with aqueous thionine. Scale bar, 250 mm.
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synapses in the ML did not differ significantly between transgenic
and control mice on day 7 (Fig. 4B), significant increases were
observed in transgenic mice on days 14 (61%), 21 (42%), 28
(105%), 35 (96%), and 130 (54%).
The NV of neurons, expressed as the number of cells per cubic
millimeter, did not differ significantly between transgenic and con-
trol mice at any stage of the experiment. Statistical analysis of
neuronal NV by ANOVA revealed no significant main effect for
either groups (F 5 0.38; p 5 0.54) or ages (F 5 1.11; p 5 0.38),
indicating that the packing density of GCL neurons did not change
significantly during postnatal development. The mean NV of GCL
neurons ranged from 8.12 6 0.59 3 10 5 at day 7 to 7.43 6 0.26 3
105 at day 130. These results indicate that the significant increase in
total neuron number in the GCL observed in transgenic mice was
a function of increased tissue volume rather than a change in
neuronal density.
As can be seen in Figure 5, neuronal packing density in the GCL
of the dentate gyrus is inherently high. The granular neurons in the
GCL are tightly packed with an almost juxtaposition of the cell
soma, leaving a remarkably small volume of neuropil to separate
the cells. The apical dendrites of these granular neurons ascend
into the ML to receive the vast majority of synaptic contacts from
afferent axons. Histological examination of the semithin sections
stained with toluidine blue (Fig. 5) revealed no obvious differences
in neuronal morphology between IGF-II/IGF-I transgenic and
control mice.
Postnatal changes in the NV of synapses in the ML of transgenic
and control mice are illustrated in Figure 6A. Normal development
in control mice was characterized by a rapid increase in the NV of
synapses from day 7 to day 35 (231%; p , 0.001), followed by a
more gradual increase to day 130 (22%; p , 0.05). In transgenic
mice, there was a 282% increase in the NV of synapses from day 7
to day 28 ( p , 0.001), with no significant changes observed after
day 28. Compared with control mice, the NV of synapses was
significantly greater in transgenic mice on day 28 (36%; p , 0.001)
and day 35 (21%; p , 0.05). When the NV of synapses in individual
sublaminae of the ML were compared at day 28 (Fig. 6B), increases
in synaptic density were observed in transgenic mice in the OML
(31%), MML (42%), and IML (36%). The ultrastructural appear-
ance of synapses in the ML did not differ noticeably between
transgenic and control mice. In older animals, the vast majority of
Figure 3. Postnatal changes in the total volumes of the GCL (A) and the
ML (B) for IGF-II/IGF-I transgenic mice and normal littermate controls.
Values are presented as the mean 6 SEM for three to four mice in each
group. ANOVA for volume of the GCL revealed significant main effects for
groups (F 5 138; p , 0.001), ages (F 5 60.86; p , 0.001), and group 3 age
interactions (F 5 8.59; p , 0.001). ANOVA for volume of the ML revealed
significant main effects for groups (F 5 275; p , 0.001), ages (F 5 242;
p , 0.001), and group 3 age interactions (F 5 22.61; p , 0.001). *p , 0.05;
**p , 0.01; ***p , 0.001 for individual paired comparisons between
transgenic and control mice.
Figure 4. Postnatal changes in the total numbers of neurons in the GCL
(A) and the total of synapses in the ML ( B) for IGF-II/IGF-I transgenic
mice and normal littermate controls. Values are presented as the mean 6
SEM for three to four mice in each group. ANOVA for total neurons in the
GCL revealed significant main effects for groups (F 5 118; p , 0.001), ages
(F 5 50.44; p , 0.001), and group 3 age interactions (F 5 5.88; p , 0.001).
ANOVA for total synapses in the ML revealed significant main effects for
groups (F 5 140; p , 0.001), ages (F 5 131; p , 0.001), and group 3 age
interactions (F 5 11.25; p , 0.001). *p , 0.05; **p , 0.01; ***p , 0.001 for
individual paired comparisons between transgenic and control mice.
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synapses in the ML formed asymmetric axospinous contacts (Fig.
7A,B), although symmetric and asymmetric axodendritic synapses
were occasionally observed (Fig. 7C). The mean length of synaptic
contacts ranged from 0.19 to 0.23 mm in both transgenic and control
mice across all ages studied. The only apparent qualitative differ-
ence between transgenic and control mice was in the diameter of
dendritic profiles. In transgenic mice (Fig. 7E), the dendritic pro-
files appeared finer and more densely packed than in controls (Fig.
7D). This was most obvious in the OML and MML and more
apparent on days 28 and 35 than at any other age. Given the rapid
increase in volume of the ML at these ages, this observation
suggests that the dendrites of granular neurons grow dispropor-
tionately in length rather than in girth. The significantly greater NV
of synapses in transgenic mice at these ages may result in part from
a finer caliber of dendritic processes in the more superficial regions
of the ML, which allows for a relatively greater packing density of
synaptic contacts.
For each mouse, the synapse-to-neuron ratio in the dentate gyrus
was calculated from estimates of the total number of neurons in the
GCL and the total number of synapses in the ML (Fig. 8). Normal
development was characterized by a rapid increase in the synapse-
to-neuron ratio from day 7 to day 35 (283%; p , 0.001), followed
by a more gradual increase to day 130 (51%; p , 0.01). In trans-
genic mice, this ratio increased from day 7 to a maximum value at
day 28 (596%; p , 0.001) with no significant change occurring after
day 28. Compared with controls, the synapse-to-neuron ratio in
transgenic mice was significantly greater only on day 28 (60%; p ,
0.01) and day 35 (24%; p , 0.05). At most ages, therefore, the
increase in total ML synapse number in transgenic mice was attrib-
utable to an increase in the total number of neurons in the GCL,
with each neuron being contacted by the normal complement of
synapses. Only at days 28 and 35 were the synapse-to-neuron ratios
significantly greater in transgenic mice, indicating that elevated
expression of IGF-I augmented synaptogenesis over and above the
increase in neuron number.
DISCUSSION
Our results demonstrate that IGF-I overexpression limited to the
brain results in persistent increases in the total number of neurons
and synapses in the dentate gyrus, indicating that IGF-I promotes
both neurogenesis and synaptogenesis in the developing hippocam-
pus in vivo. These findings are consistent with our previous studies
of IGF-I transgenic mice showing that IGF-I stimulates both global
and regional brain growth during early postnatal development
(Mathews et al., 1988; Behringer et al., 1990; Ye et al., 1996;
Figure 5. Epon-embedded semithin sections (0.7 mm) stained with tolu-
idine blue through the GCL of the dentate gyrus in normal control (A) and
IGF-II/IGF-I transgenic mice (B) at postnatal day 130. Scale bar, 20 mm.
Figure 6. Postnatal changes in the NV of synapses in the ML ( A) for
IGF-II/IGF-I transgenic mice and normal littermate controls. Values are
presented as the mean 6 SEM for three to four mice in each group.
ANOVA for the NV of synapses revealed significant main effects for groups
(F 5 15.43; p , 0.001), ages (F 5 62.55; p , 0.001), and group 3 age
interactions (F 5 2.82; p , 0.05). *p , 0.05; ***p , 0.001 for individual
paired comparisons between transgenic and control mice. The NV of
synapses in the OML, MML, and IML (B) in transgenic and control mice
on postnatal day 28. Values are given as the mean 6 SEM for four mice in
each group. ANOVA for the NV of synapses in individual laminae revealed
a significant main effect for group (F 5 21.58; p , 0.001) but not for laminae
(F 5 3.04; p 5 0.07) or group 3 laminae interactions (F 5 0.15; p 5 0.86).
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Dentremont et al., 1999). The accelerated brain growth in trans-
genic mice was not confounded by corresponding changes in so-
matic growth, because the body weights of the transgenic mice did
not differ from those of their nontransgenic littermates because of
the absence of transgene in tissues other than brain. The most
rapid acceleration in neuron number occurred at a developmental
stage when neuronal proliferation and apoptosis are active in the
dentate gyrus, and IGF-I likely influenced both processes. The
increased synapse-to-neuron ratios observed at days 28 and 35
indicate that IGF-I also stimulates synaptogenesis.
In IGF-II/IGF-I transgenic mice, there was an increase of 29–
61% in the total number of neurons in the GCL, beginning at
postnatal day 14 and persisting into young adult mice at day 130.
This finding is consistent with previous studies showing decreased
numbers of neurons in the dentate gyrus of IGF-I knock-out mice
(Beck et al., 1995) and increased numbers of neurons in the
brainstem and cerebellum of IGF-II/IGF-I transgenic mice (Ye et
al., 1996; Dentremont et al., 1999). Among various inbred strains of
mice, total neuron number in the GCL of the dentate gyrus can
vary by as much as 50% (Wimer et al., 1988). Our estimate of the
NV of neurons in adult control mice at day 130 (743,000 neurons/
mm3) compares favorably with estimates of 640,000–800,000 neu-
rons/mm3 in adult rat (Curcio and Hinds, 1983). Similarly, our
estimate of the total number of neurons in the GCL of adult
Figure 8. Postnatal changes in the synapse-to-neuron ratio in IGF-II/
IGF-I transgenic mice and normal controls. Values are given as the mean 6
SEM for three to four mice in each group. ANOVA revealed significant
main effects for groups (F 5 4.88; p , 0.05), ages (F 5 38.31; p , 0.001),
and group 3 age interactions (F 5 3.47; p , 0.05). *p , 0.05; **p , 0.01
for individual paired comparisons between transgenic and control mice.
Figure 7. Electron micrographs from the ML of the dentate gyrus in IGF-II/IGF-I transgenic (A–C, E) and control (D) mice. The vast majority of
synapses formed asymmetric axospinous contacts (A) in both transgenic and control mice, identified by the presence of a prominent postsynaptic density
and predominantly spherical vesicles in the presynaptic axon terminal (B). Symmetric axodendritic contacts (C) were observed less frequently, identified
by the presence of differentiated presynaptic and postsynaptic membranes without a prominent postsynaptic density and pleomorphic vesicles in the
presynaptic axon terminal. Electron micrographs of the neuropil in the OML of normal control (D) and IGF-II/IGF-I transgenic (E) mice at postnatal
day 28. Scale bars: A, 0.5 mm; B, C, 0.2 mm; D, E, 3 mm.
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controls (;406,000) falls within the range of 300,000–640,000
reported by various authors for adult mice (Wimer et al., 1988;
Demyanenko et al., 1999; Phinney et al., 1999).
During normal development, the final number of neurons to
reach maturity in a given region of the brain is determined by the
combined effects of neuron proliferation and naturally occurring
neuron death. In the dentate gyrus of rats and mice, the prolifer-
ation of GCL neurons occurs predominantly from embryonic day
10 to postnatal day 20 (Angevine, 1965; Caviness, 1973; Stanfield
and Cowan, 1979; Bayer, 1980). Progenitors of GCL neurons orig-
inate from the ventricular layer of the neural tube for a relatively
short period of development before migrating into the dentate
gyrus after embryonic day 14, at which peak proliferation continues
until postnatal day 20. New neurons continue to be generated in the
dentate gyrus at a reduced rate throughout adult life by subgranu-
lar stem cells with multilineage potential (Altman and Das, 1965;
Kuhn et al., 1996). Unlike most regions of the brain, which have
distinct periods of neuron proliferation and apoptotic cell death,
the population of neurons in the GCL of the dentate gyrus exhibits
substantial cell death during the time of peak neuron proliferation
(Schlessinger et al., 1975; Wimer et al., 1988; Gould et al., 1991). In
the dentate gyrus of rats, the density of pyknotic cells has been
shown to peak at the end of the first postnatal week, although
degenerating neurons have been observed as late as day 40 (Gould
et al., 1991). Apoptotic neurons, detected in the dentate gyrus of
mice by the terminal deoxynucleotidyl transferase-mediated biotin-
ylated UTP nick end labeling method, are prominent from birth to
day 21 (De Bilbao et al., 1999). Moreover, the expression of cpp32
mRNA, which encodes for the caspase-3 cysteine protease and
mediates apoptotic cell death, is maximal in the GCL during early
postnatal development with continued expression in adults (De
Bilbao et al., 1999). In several inbred strains of mice, the total
number of GCL neurons decreases transiently during the fourth
postnatal week (Wimer et al., 1988), reflecting the maximum rate
of cell death before day 21.
The available evidence suggests that increased expression of
IGF-I in these transgenic mice produces more neurons in the
dentate gyrus by both increasing the rate of neuronal proliferation
and decreasing the rate of cell death. IGF-I has been shown to
promote the proliferation of neurons in vitro (DiCicco-Bloom and
Black, 1988; McMorris and Dubois-Dalcq, 1988; Torres-Aleman et
al., 1990; Drago et al., 1991; Werther et al., 1993; Zackenfels et al.,
1995) and in vivo (Ye et al., 1996; Aberg et al., 2000). In contrast,
IGF-I has well documented anti-apoptotic effects for cells in several
tissues in vitro (Le Roith et al., 1997), and it has also been shown
to promote neuron survival both in vitro and in vivo (Bozyczko-
Coyne et al., 1993; Hughes et al., 1993; Neff et al., 1993; Mathews
and Feldman, 1996; Dudek et al., 1998; Blair et al., 1999). In the
present study, the normal transient decrease in neuron number
between days 21 and 28 was not observed in transgenic mice,
suggesting that elevated expression of IGF-I reduced apoptotic cell
death. Similarly, neuron number continued to increase significantly
after day 35 in transgenic mice but not in controls, suggesting that
an IGF-I-mediated increase in the proliferation of GCL neurons
continued throughout later stages of development into the young
adult.
In IGF-II/IGF-I transgenic mice, there was a significant increase
of 54–105% in the total number of synapses in the ML of the
dentate gyrus, first noted at postnatal day 14 and persisting into the
young adult. Furthermore, both the rate and time course of synap-
togenesis differed substantially in transgenic and control mice. Our
estimate of the NV of synapses in the ML of the dentate gyrus in
control mice at day 130 (16.11 3 108 synapses/mm3) was 29%
greater than estimates of NV in the ML of adult rats (Curcio and
Hinds, 1983) and 18% greater than estimates of NV for the stratum
radiatum of hippocampal CA1 in adult rabbits (Geinisman et al.,
1996). In the present study, normal synaptogenesis in control mice
was characterized by a relatively steady increase in both the NV and
total number of synapses throughout postnatal development into
the young adult. In control mice, there was no evidence of synapse
elimination during the later stages of postnatal development. Al-
though synapse elimination in the dentate gyrus is not character-
istic of rodents (Crain et al., 1973; Steward and Falk, 1986), it has
been reported in the monkey (Eckenhoff and Rakic, 1991). Either
the lack of a distinct period of synapse elimination in the dentate
gyrus of rodents reflects substantial circuit formation at later stages
of development by newly generated neurons, or synapse elimina-
tion may occur with peak synaptic densities being achieved after
day 35.
The NV of synapses in IGF-II/IGF-I transgenic mice increased
rapidly from day 7 to day 28, with no additional increase in older
mice. The synapse-to-neuron ratio was significantly greater in
transgenic mice than in controls on days 28 and 35 but not in young
adults, indicating an increase in synapse number over and above
the observed increase in neuron number. These results are consis-
tent with an initial augmentation of synaptogenesis during early
postnatal development, followed by an apparent inhibition of fur-
ther synapse formation after day 35. IGF-I is known to promote
myelination of axons by stimulating gene expression for myelin-
specific proteins and by promoting oligodendrocyte proliferation
and survival (McMorris and Dubois-Dalcq, 1988; Mozell and Mc-
Morris, 1991; Ye et al., 1995). Reduced synaptogenesis in older
transgenic mice could be explained by an increased production of
one or more inhibitory factors (e.g., Nogo-A, the myelin-associated
glycoprotein MAG, and the chondroitin sulfate proteoglycans ver-
sican V2 and brevican) by oligodendrocytes during myelination
(Schwab and Caroni, 1988; Bandtlow and Schwab, 2000; Chen et
al., 2000), which occurs predominantly after day 30 in mice for most
brain regions.
Our findings demonstrate that IGF-I promotes growth and de-
velopment of the hippocampal dentate gyrus by augmenting both
neurogenesis and synaptogenesis during postnatal development.
Although IGF-I promotes synaptogenesis in the early stages of
postnatal development, it appears to be self-regulating, possibly by
mechanisms involving increased myelination and the subsequent
increased expression of factors inhibiting synaptogenesis at later
stages.
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